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Rotavirus is the most important cause of severe gastroenteritis in children worldwide. We have investigated cytokine
responses to rotavirus infection of cultured intestinal epithelial cells. Interleukin 8 (IL-8) is a chemotactic and cell-activating
cytokine that is synthesized by epithelial cells and induced in response to bacterial enteric pathogens. Rotavirus inoculation
increased IL-8 mRNA levels in cultured intestinal epithelial cells within 2 hr of infection. IL-8 secretion increased 102- to
103-fold by 8 hr postinfection. Secretion of TNFa or IL-1b, cytokines which themselves increase IL-8 secretion, was not
induced by rotavirus, nor was that of TNFa, IFNa, IFNg, or IL-6. Neutralizing antibodies to TNFa or IL-1a/b did not affect
the IL-8 response. Secretion of IL-8 was dependent on an intact viral capsid, as single-shell particles were inert. Neutralizing
monoclonal antibodies (vp7-specific) that do not block cell attachment did block rotavirus stimulation of IL-8 secretion,
indicating that attachment to the cell surface is not a sufficient stimulus to induce IL-8. Genetically inactivated rotavirus
was also effective for IL-8 induction, indicating that viral replication was not required. These data suggest that epithelial
cytokine IL-8 may be an important mediator of the host response to viral gastroenteritis pathogens such as rotavirus.
q 1996 Academic Press, Inc.
INTRODUCTION thelial cells (Arnold et al., 1994a; Becker et al., 1993;
Becker et al., 1991), and IL-8 has been demonstrated to
Viral gastroenteritis is an important cause of morbidity have a role in the pathogenesis of pulmonary inflamma-
and mortality throughout the world, especially among in- tory disorders, including extravasation of fluid into alveoli
fants and young children in developing countries. Re- (Mulligan et al., 1993; Strieter et al., 1994). An IL-8 re-
search efforts have emphasized disease prevention; sponse by intestinal epithelial cells to a viral gastroenter-
however, improved pharmacological tools that could itis pathogen such as rotavirus has not been previously
eliminate the diarrheal response to infection would be reported.
useful adjuncts to the management of this vast public We report the responses of three epithelial cell lines
health problem. A better understanding of the host re- to several commonly detected epithelial cytokines. Rota-
sponse may contribute to improved treatment strategies virus proved effective at the induction of an IL-8 response
of the diarrheal syndrome. In addition, recent realization from HT-29 and T84 cells. Because there is very little
of the roles that epithelial cytokines may play in host information available on the induction of epithelial cyto-
defenses also indicates the importance of this aspect of kines by rotavirus or other gastroenteritis viruses, we
the host response to intestinal viral infection. have focused this report on the viral determinants of IL-
Interleukin 8 (IL-8) is a potent chemotactic and activat- 8 induction in intestinal cells. We recognize that this is
ing peptide for leukocytes, macrophages, T lymphocytes likely to be only one of many cytokines involved in the
(Baggiolini et al., 1994; Furie and Randolph, 1995), and host response to rotavirus infection, and we do not show
intraepithelial lymphocytes (Ebert, 1995). IL-8 may also that IL-8 is directly responsible for a particular effect in
have an important role in the expansion of B cells (Caca- vivo such as diarrhea, although such possibilities may
lano et al., 1994). Potential roles in host defense and deserve future studies. The widely recognized role of IL-
pathogenesis of bacterial infections have been proposed 8 as an inflammatory mediator requires a careful explora-
for IL-8 at a variety of mucosal surfaces (Eckmann et al., tion of the potential effects. The study of IL-8 induction
1993b; Fierer et al., 1993; Mulligan et al., 1993; Svanborg by rotaviruses illustrates important and novel aspects of
et al., 1994). Viral infections have been shown to elicit rotavirus–epithelial interactions.
mucosal chemokines (including IL-8) from bronchial epi-
MATERIALS AND METHODS
Growth of epithelial cell lines and virus production1 To whom correspondence and reprint requests should be ad-
dressed at Research Service, Building 62 (151), Northport V.A. Medi-
HT-29, T84, and Caco-2 cells were obtained from refer-cal Center, Northport, NY 11768. Fax: (516) 544-5317. E-mail:
Shaw.Robert_D/@NORTHPORT.VA.GOV. ence stocks at ATCC (Rockwell, MD) specifically for
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these experiments. They were expanded in culture for of 1.36 g/cc. This procedure produced a viral preparation
with less than 1/200 of the RNA content of a sample oftwo passages and then frozen in aliquots. Culture me-
dium (DME F-12; Sigma No. D8900) contained 3.15 g/ complete triple-layered particles normalized by hemag-
glutination titers as assessed by PAGE with silver stain-liter D-glucose, 2 mM L-glutamine, 100 U/ml penicillin,
100 mg/ml streptomycin, and 10% fetal calf serum ing. Infectivity of cell monolayers was similarly reduced.
(HyClone Defined, Logan UT). Cells were expanded at Disruption of the outer capsid of complete triple-lay-
the time of use in 6-well tissue culture plates (CoStar); ered (‘‘double-shell’’) particles by calcium chelation was
cells were cultured to confluence for 2–6 days before performed to produce double layered (‘‘single-shell’’) vi-
use unless otherwise noted. For some experiments, HT- rus capsids. RRV was incubated in 10 mM EDTA for 30
29 cells were gradually transferred to glucose-free me- min at 377. This process resulted in the reduction of the
dium containing 5 mM galactose and passaged four hemagglutination titer from 1:12,000 to1:4, a character-
times prior to use. istic of single-shell particles. The single-shelled particles
Rhesus rotavirus (RRV)2 was grown in MA-104 cells as were used both before and after repurification on isopyc-
previously described (Shaw et al., 1985) and purified by nic density gradients.
flurocarbon extraction followed by centrifugation on su-
crose or cesium chloride gradients. Similar levels of IL-
Virus infection of monolayers8 secretion were stimulated by virus from either gradient
(after the products were dialyzed against TNC buffer –
Confluent monolayers were washed three times with100 mM Tris–saline–2mM CaCl, pH 7.4); also there was
PBS and then inoculated with RRV, cytokines, or controlsno difference when flurocarbon extracts were ultracentri-
that were diluted in 2.0 ml of DME/F12 medium. Incuba-fuged through 30% sucrose and virus was collected on
tion proceeded for specified time intervals in a humidifieda 60% cushion and similarly dialyzed. Therefore, the latter
5% CO2 incubator at 377. In some cases, virus was twicepurification technique was used for experiments other
washed from the well after a 1-hr incubation, and thethan that presented in Fig. 1, in which cesium chloride
cells were fed with DME/F12 plus 10% FCS prior to sub-gradient-purified RRV was used.
sequent incubation, but no difference in IL-8 secretionControls were included in which a sham-infected
was detected so this was not routinely done. Trypsin wasMA104 cell monolayer was lysed and flurocarbon-ex-
not included in incubation medium, rendering secondarytracted, the supernatant was subjected to ultra centrifu-
infection unlikely. Aliquots were removed at specifiedgation, and the resulting pellet was resuspended in TNC
time points for IL-8 ELISA. For mRNA analysis, mono-buffer. This control contained considerably more cellular
layers were dissolved in guanidinium buffer (4 M guani-debris than the virus preparation, but was always com-
dine isocyanate, 0.73 g sodium citrate, 0.5 g sarcosyl,pletely inert when applied to the intestinal cell mono-
100 ml BME to make 100 ml using DEPC water) andlayers. Virus was quantitated by standard techniques of
stored at0807 until RNA extraction. Viral infection of cellshemagglutination and immunohistochemical focus assay
was quantitated by an immunohistochemical focus assayas previously described (Shaw et al., 1985). Water used
as previously described (Shaw et al., 1986). RRV infec-to prepare all reagents was obtained from a MilliQ ultra
tious foci (as determined by immunohistochemical analy-filtration system. All media, buffers, and virus samples
sis) were quantitated on MA104 cell monolayers by awere free of endotoxin as measured by Endotect (ICN
dilutional analysis to establish the virus dose used inBiomedicals, Aurora, OH), a limulus amebocyte lysate
these experiments.assay with a sensitivity of 0.10 ng/ml. All media and
Monoclonal antibodies used in some experiments in-buffers were independently tested on HT-29 cells for IL-
cluded previously characterized Mabs 255/60 (anti-VP6),8 induction, and none was found.
7A12, 1E4, and 1A9 (anti-VP8*), M2B10 (anti-VP5*), andRNA-deficient rotavirus particles were isolated from
159 (anti-VP7) (Shaw et al., 1986; Mackow et al., 1988).tissue culture lysates on cesium chloride isopycnic gradi-
Hybridoma cells were grown in serum-free medium, andents. Fractions were collected following bottom puncture
monoclonal antibodies were affinity-purified on a Sprintof clear centrifuge tubes (Beckman SW41 rotor) in which
chromatography system. Aliquots of virus were incubatedfour distinct bands were clearly visualized. Complete
with Mab (0.25 mg/ml) for 30 min at 377 before applicationdouble- and triple-layered particles (bands located at
to HT-29 cells. A portion was retained for testing in a1.38 and 1.36 g/ml, respectively) were removed, and the
focus immunoassay to document neutralization. Mabfractions at the top of the gradient (1.30–1.32 g/ml) con-
255/60 did not neutralize virus, the VP8* Mabs neutral-taining the empty viral particles were rebanded for 24 hr
ized 95% at the excess antibody concentrations tested,at 30,000 rpm in cesium chloride with an average density
and the VP5* and VP7 Mabs completely neutralized the
viral sample at the concentrations tested. These findings
2 Abbreviations used: RRV, rhesus rotavirus; I-RRV, genetically inacti-
are typical of the performance of these Mabs in focusvated RRV; ffu, focus-forming units; m.o.i., multiplicity of infection; ELISA,
and plaque assays as previously described (Ruggeri andenzyme-linked immunosorbent assay; NFkB, nuclear regulatory factor
kappa B. Greenberg, 1991; Shaw et al., 1986).
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RNA extraction
RNA was extracted with guanidinium buffer [chloro-
form isoamyl alcohol (24:1), water saturated phenol, and
2 M sodium acetate, pH 5.2]. This mixture was chilled
on ice for 15 min and then centrifuged at 10,000 g for
15 min. The supernatant was removed and chloroform
isoamyl alcohol (24:1), 0.25 ml, was added and the mix-
ture was centrifuged for 1 min. An equal volume of isopro-
panol was added and the product stored at 0807C. RNA
was measured by absorbance at 260 nm.
Reverse transcription
An aliquot of 4 mg of total cellular RNA was annealed
to 200 ng oligo-dt primer and reverse-transcribed by
FIG. 1. IL-8 mRNA levels were measured semi-quantitatively by RT-incubation at 427 for 1 hr and then for 15 min at 557.
PCR at the indicated time points after exposure to rhesus rotavirusReverse transcription buffer contained 5 mM Tris, 10
(RRV, m.o.i.  10). HT29 cell monolayers were exposed to RRV for 30
mM dithiothreitol, 75 mM KCl, and 3 mM MgCl2 . Also min, washed, and incubated for the indicated times before RNA was
added was 0.25 mM dATP, 0.25 mM dCTP, 0.25 mM harvested. Four micrograms of total RNA was reverse-transcribed with
oligo dT. cDNA was used with equal amounts of oligonucleotides todTTP, 0.25 mM dGTP, 65 U RNasin (Promega), and 40
generate PCR products, which were separated by agarose gel electro-U of avian myeloblastosis virus reverse transcriptase
phoresis and photographed with Polaroid film. b-Actin is included as(Seikagaku America, Inc.).
a reference RNA. IL-8 bands were normalized to b-actin in each time
point by laser densitometry.
Semiquantitative polymerase chain reaction
Oligonucleotides were made on a DNA synthesizer to be dependent on the number of PCR amplification
(ABI 392 DNA synthesizer; Applied Biosystems, Foster cycles.
City, CA). b-Actin was used as an internal standard. Prim-
ers spanned exon–intron boundaries to prevent amplifi-
Cytokine immunoassays
cation of genomic DNA. Oligonucleotides for human b-
actin were designed to generate a product of 304 bp Assays for IL-8, IL-6, TNFa, IL-1b, and IFNg were per-
(sense nucleotide 5*TCC TGT GGC ATC CAC GAA ACT formed with ELISA kits (R&D Systems, Minneapolis, MN)
3*; antisense 5*GAA GCA TTT GCG GTG GAC GAT 3* ). according to the manufacturer’s instructions. Standard
Oligonucleotides for human IL-8 generated a product of curves obtained with controls (lower limit of detection, 3.0
253 bp (sense 5*GGC TCT CTT GGC AGC CTT CCT G3*; pg/ml) were routinely linear on a log plot (R  0.98). Back-
antisense 5*CTT CTC CAC AAC CCT CTG CAC CCA 3* ). ground was specified as the signal obtained from wells to
Five microliters of cDNA and 100 ng of each b-actin which no cytokine was included. This value was always
oligonucleotide were used to generate a PCR product in 0.05 OD units. An ELISA kit from a different manufacturer
a reaction containing Tris–HCl (pH 8.4) 20 mM, 50 mM was used for IFNa assays (Endogen, Cambridge, MA). Sen-
KCl, 0.2 mM dNTPs, 10 mM MgCl2 , and 0.001% w/v gela- sitivity for this assay was also 3.0 pg/ml.
tin. After thoroughly mixing the contents, a 50-ml mineral
oil overlay was used to prevent evaporation. The reaction
RESULTSmixture was heated to 807C for 3 min and then 1 unit of
Taq DNA polymerase (BRL, Life Technologies, Gaithers- RRV stimulates increased IL-8-specific RNA and IL-8
burg, MD) was added. The reaction ran at 947 for 1 min, secretion
557 for 30 sec, and 727 for 30 sec, for 35 cycles. A similar
reaction was performed using 5 ml cDNA and 100 ng of Application of RRV to HT-29 monolayers resulted in
marked increases of IL-8 mRNA (Fig. 1). An increase waseach human IL-8 oligonucleotide, except that 1.5 mM
MgCl2 and 40 cycles were used. PCR products were noted at 1 hr postexposure, and mRNA levels increased
sharply until 4 hr, remained increased until at least 8 hr,size fractionated in 2% agarose gel electrophoresis. After
staining with ethidium bromide, DNA bands were visual- and decreased close to basal levels by 24 hr. This finding
indicates either that the RRV stimulus to IL-8 secretionized with a UV transilluminator and recorded on Koda-
chrome 477 positive–negative film. IL-8 bands were nor- occurred at the RNA transcriptional level or that it en-
hanced stabilization of IL-8 mRNA.malized to b-actin at the same time point by laser densi-
tometry (Ultroscan XL, LKB Instruments, Inc., NJ). To Substantial increased secretion of IL-8 from HT-29
and T84 cells, but minimal secretion from Caco-2 cells,confer specificity, products were shown to hybridize with
the IL-8 and b-actin radiolabeled probes and were shown was detected by enzyme immunoassay (ELISA) (Fig.
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effect on subsequent RRV-induced IL-8 secretion. There-
fore, RRV did not induce these cytokines, nor did they
alter RRV induction of IL-8.
Further evidence that an indirect mediator (of either
viral or cellular origin) of IL-8 secretion was not present
was obtained by transfer studies of infected cell superna-
tants (24 hr postinfection) from which viral particles had
been removed by ultracentrifugation. When this superna-
tant was applied to fresh HT-29 cell monolayers, there
was no increase in constitutive levels of IL-8 secretion.
FIG. 2. IL-8 secretion from three epithelial cell lines grown to conflu- Single capsid virus cannot stimulate IL-8 release
ence and exposed to RRV for 16 hr. Other cells were maintained without
stimulation. Each item represents n  3 { 1 standard deviation. The
Viral capsid integrity is necessary to permit virus at-numbers above the columns of RRV-stimulated IL-8 represent the multi-
tachment and entry into target cells. When the outer cap-ple of the baseline value affected by viral exposure.
sid of rotavirus particles is disrupted by calcium chela-
tion, the loss of viral proteins 4 and 7 results in the
creation of a ‘‘single-shell’’ (or ‘‘double-layered’’) particle2). A 24-hr time course of the IL-8 response to virus
(Estes et al., 1979). Viral proteins 4 and 7 mediate rotavi-inoculation was performed with HT-29 cells, in which
rus attachment and entry into cells, although the preciseinocula of 10 focus-forming viral units (ffu) per cell
mechanisms of these functions remain unclear. To deter-permitted detection of increased IL-8 levels above
mine if the intact outer capsid is required to stimulatethose of basal HT-29 activity within 4 hr (see Fig. 3).
IL-8 secretion, we prepared RRV in EDTA as describedLevels of IL-8 in the supernatants continued to rise
above. HT-29 cells in 6-well tissue culture plates weresharply throughout the 24-hr assay period, until peak
incubated with EDTA-treated (single-shell) virus as welllevels in the high-dose wells reached approximately
as an otherwise identical untreated aliquot. IL-8 in the10,000 pg/ml. Decreased amounts of virus produced
supernatant was measured by ELISA 16 hr after viruscorresponding decreases in IL-8 levels until the calcu-
exposure. The untreated virus elicited 5570 { 1328 (SD)lated dose fell to 1 infectious viral particle per 100
pg/ml IL-8, while the EDTA-treated virus elicited levelscells. Below this dose, IL-8 levels could not be distin-
indistinguishable from the unstimulated HT-29 cells usedguished from basal levels of IL-8 secretion. All cells in
as negative controls (378 { 62 pg/ml). EDTA alone hadthe monolayer were not stained in the focus assay
even at the highest doses, presumably due to either
aggregation of virus particles or heterogeneity of the
cell population.
The differentiation of HT-29 cells is known to vary with
the concentration of glucose that is present in the culture,
with a more mature enterocyte resemblance associated
with a glucose-free medium (Huet et al., 1987). We
weaned HT-29 cells into glucose-free medium and then
passaged them four times prior to infection. RRV produc-
tively infected these cells and stimulated IL-8 secretion
at levels comparable to those in the glucose culture. The
RRV-infected glucose cultures contained 6000 pg/ml IL-
8 16 hr postinfection, while the glucose-free cultures con-
tained 5000 pg/ml (average of n  6, NS by t test). TNFa
stimulation (10 ng/ml) of both glucose-free and high-glu-
cose cultures yielded approximately 25,000–30,000 pg/
ml of IL-8 (also NS).
We investigated the possibility that other cytokines
may be induced by the virus which could indirectly con- FIG. 3. Time course of IL-8 secretion from HT-29 cells was measured
tribute to IL-8 induction. Concentrations of IL-6, TNFa, IL- in an ELISA assay as described. Rhesus rotavirus (RRV) was applied
to monolayers in the indicated concentrations, incubated for 1 hr, and1a, and IL-1b were measured by ELISA of HT-29 culture
then aspirated. Culture supernatant aliquots were removed after incu-supernatant 24 hr after RRV infection. In none of these
bation at 377 for the designated time intervals. Note that constitutiveassays were the cytokine concentrations affected by ro-
IL-8 secretion does not occur, but accumulation in the supernatant is
tavirus infection. Furthermore, neutralizing monoclonal inadequate to score in the ELISA until the medium is undisturbed for
antibodies directed at TNFa, IL-1a, and IL-1b were at least 4 hr. Basal (unstimulated) IL-8 at 24 hr was 279 { 32 pg/ml
(not shown).added to cell cultures prior to virus infection without any
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no effect on IL-8 secretion, nor did it affect IL-8 levels
stimulated by TNFa.
Viral replication is not necessary for IL-8 stimulation
Neutralizing monoclonal antibodies. Aliquots of RRV
(approximate m.o.i.  10) were preincubated with 0.25
mg/ml of purified murine monoclonal antibodies directed
at VP5*, VP8*, and VP7 for 30 min at 377. A nonneutraliz-
ing Mab directed at VP6 was also tested. All antibodies
except for 255/60 (anti-VP6) neutralized the virus as mea-
sured in a focus reduction immunoassay on MA104 and
HT-29 cells. A small number of residual infected cells
were seen when anti-VP8* Mabs were tested, but none
FIG. 4. IL-8 secretion from HT-29 monolayers by RRV compared towhen the VP5* Mab (M2B10) or the VP7 Mab (159) were
replication-defective RRV. HT-29 Monolayers were incubated for thetested. The same result was obtained when antibodies
indicated time intervals with either RRV or an identical aliquot of RRV
were diluted 1:10 or 1:100, indicating that this concentra- that had been inactivated by treatment with psoralen and UV light
tion of antibody was in considerable excess of that re- (I-RRV) as described in the text. IL-8 levels in the culture supernatants
were measured by ELISA. The error bars represent standard error, withquired to achieve maximal neutralization of the virus
n  3–5 for I-RRV, n  9 for RRV. Comparison of RRV vs I-RRV by tsample tested. The effect of Mab treatment of RRV on
test (2-tailed, 5% significance) at each time point suggested a differenceIL-8 secretion from HT-29 cells can be seen in Fig. 5.
at only the 4-hr time point (P  0.0047).
The nonneutralizing anti-VP6 Mab 255/60 was without
effect, the anti-VP8* Mabs 7A12 and 1A9 reduced IL-8
secretion significantly but did not eliminate it, and the inoculation. IL-8 secretion by sham-inoculated cells was
anti-VP5* (M2B10) and anti-VP7 (159) Mabs reduced IL- 238 pg/ml, that by RRV-infected cells was 18793 { 3400
8 levels to the constitutive baseline. pg/ml, and that by RNA-deficient RRV inoculated cells
Genetic inactivation. In order to further define the mini- was 255 { 32 pg/ml.
mum requirements for IL-8 stimulation, we examined the
role of viral replication. Treatment of rotavirus particles DISCUSSION
with 4*-aminomethyl-4,5*,8-trimethylpsoralen (40 mg/ml)
The pathophysiology of rotavirus diarrhea, a prominent
followed by exposure to intense 365-A˚ light results in
symptom of the clinical infection, has not been exten-
RNA cross-linking and inhibition of viral RNA transcrip-
sively studied (reviewed by Greenberg et al., 1994). Nei-
tion and therefore replication (Groene and Shaw, 1992;
ther has the role of the intestinal epithelium as a first
Shaw et al., 1995). Psoralen-inactivated rotavirus remains
line effector of host immunity been thoroughly explored.
antigenically intact and shows no reduction in hemagglu-
Considerable information has recently become available
tination capacity (Groene and Shaw, 1992).
that demonstrates the active role of intestinal epithelium
We prepared identical aliquots of untreated rhesus
in response to bacterial or parasitic pathogens, but a
rotavirus (RRV) and inactivated virus (I-RRV) in amounts
corresponding role in host response to enteric virus in-
of 0.1, 1.0, and 10 ffu equivalents per cell and incubated
fection has not been explored. For these reasons, we
them on HT-29 cell monolayers for 24 hr. The average
sought to identify an epithelial chemokine response to
IL-8 measurements were as follows (RRV inactivated RRV
rotavirus infection or exposure and to characterize the
in pg/ml, n  3): 0.1 ffu, 1078/921; 1.0 ffu, 8970/5900; 10
viral determinants of that response.
ffu, 10640/13820 (no difference by paired t test, 2-tailed:
The cell lines used in this study have been exten-
P  0.02). Also, supernatants of HT-29 cultures inocu-
sively reported in prior investigations of intestinal epi-
lated with 10 ffu of RRV and I-RRV were sampled at 8,
thelial cytokine responses to pathogens. T84 cells are
16, and 24 hr, but they demonstrated no differences in
known to exhibit a crypt cell morphology, especially
the rates of accumulation of IL-8 (Fig. 4). Therefore, viral
when grown on collagen-coated permeable supports
protein synthesis and viral replication were not required
(Madara et al., 1987). Caco-2 cells spontaneously dif-
for IL-8 induction.
ferentiate into cells that morphologically and biochemi-
cally resemble mature enterocytes, especially duringRNA-deficient viral particles (empty particles) do not
prolonged culture in confluent states (Vachon andinduce IL-8
Beaulieu, 1992). The HT-29 cell line is relatively undif-
ferentiated in glucose-containing medium, but showsHT-29 cell monolayers were inoculated with RNA-defi-
cient viral aliquots normalized by hemagglutination titer morphological characteristics of absorptive cells when
grown in glucose-free medium (Huet et al., 1987). Itto infectious triple layered RRV known to constitute an
m.o.i. of 10 by focus immunoassay. Secretion of IL-8 was has been shown to upregulate IL-8 production in re-
sponse to LPS, TNFa, IL-1b, and IFNg (Schuerer-Malyassessed by ELISA of cell supernatants 24 hr after viral
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et al., 1994). This line has been widely used to evaluate Ultimately, the value of any cellular model of the intesti-
nal epithelial response will be established by correlationmucosal IL-8 responses to bacterial diarrheal patho-
gens. In addition, HT-29 cells are a reasonable model with in vivo events. These events are difficult to measure
in the human intestine, especially in a disease that pri-for rotavirus – epithelial interactions for several rea-
sons. Bass et al. (1992) showed HT-29 cells to be per- marily occurs in children under the age of 2 years. The
utility of cell culture models to guide such studies ismissive for rotavirus infection in vitro. (Superti et al.,
1991) RRV infectivity and the production of progeny particularly significant in this setting.
The rotavirus used in these experiments, rhesus rotavi-virus were approximately the same in either HT-29
cells or the commonly used simian kidney epithelial rus, was selected for use for several reasons. First, it
grows well in culture, either in simian cells such asMA104 cells. Cultured cells may have considerable
differences in surface characteristics depending on MA104 or in human epithelial cells. The molecular struc-
ture has been extensively studied, and a great deal ofgrowth conditions, so variations in the relative abilities
of cell lines to support virus internalization might be information has been developed regarding neutralizing
monoclonal antibodies, their binding sites, and mecha-expected (Huet et al., 1987). Therefore, the growth con-
ditions reported by Bass et al. were duplicated for con- nisms of action, factors which we used to advantage in
the present studies. RRV has been often used in a varietysistency in this study, and immunocytochemical analy-
sis of monolayers at the designated time points re- of studies of cell binding and penetration reports (includ-
ing the previously referenced studies using HT-29 andvealed considerable production of new viral antigen.
The same result was observed when HT-29 cells were Caco-2 cells). RRV readily produces diarrhea and a large
immune response in murine models. RRV has been thecultured in glucose-free medium, which is reported to
enhance cell differentiation (Huet et al., 1987). While ro- basis of long-term vaccine strategies. Thus, while RRV
does not cause human disease, the interaction of RRVtaviruses are most frequently reported to be detectable
in intestinal tissue within relatively mature epithelial cells with animal and cellular models of infection has been a
fundamental element in the establishment of the currenton villus tips, the basis of this restriction has not been
determined, and there is virtually no information available base of knowledge of rotavirus disease immunity.
To further explore the determinants of rotavirus-in-to correlate particular characteristics of cell lines with
the capacity to support rotavirus replication (such as the duced IL-8 secretion, we determined that outer capsid
integrity of viral particles was necessary to induce an IL-presence of a specific receptor). While it is interesting
that HT-29 cells of different states of differentiation have 8 response, indicating that attachment of virus to cell
surfaces in necessary (but not sufficient) to induce IL-8.comparable IL-8 responses to rotavirus, it is not clear
how to relate this to intestinal differentiation in vivo. The To exclude the possibility that other soluble proteins may
be mediating the IL-8 response, we centrifuged virus-IL-8 response was detectable in the absence of viral
replication, so it is likely that many cellular characteris- infected HT-29 cell lysates under conditions adequate to
remove viral particles and thereby eliminated the IL-8tics that may limit replication are not related to all chemo-
kine responses. It is possible that in the intestine virus response (data not shown). Therefore, soluble by-prod-
ucts of viral replication do not seem to mediate the IL-8may replicate at villus tips but, after release, the particles
may interact with crypt cells in the small intestine or even response. It remains possible that such an effect might
be possible if a soluble mediator were presented atcolonic epithelium in which the viruses do not replicate
but may induce cytokine responses. higher dose or perhaps in situ in an autocrine manner.
Neutralizing monoclonal antibodies have been demon-It is in this light that the minimal response of Caco-2
cells may be viewed. These cells respond to most IL- strated to prevent rotavirus diarrhea in the murine model.
To test the effect of antibody-treated virus on IL-8 secre-8-inducing stimuli with a small and very selective IL-
8 response in comparison to other intestinal cell lines tion, we treated RRV with a variety of monoclonal antibod-
ies prior to inoculation on HT-29 cells. The Mab 255/60(Eckmann et al., 1993a). This may be due to the differenti-
ated enterocyte phenotype, or to other undescribed fac- binds to the subgroup antigen on the major inner capsid
protein VP6, and neither prevents virus replication in vitrotors. Caco-2 cells are reported to begin to differentiate
at confluence but to continue this process for up to 30 nor protects from disease in the murine model of hetero-
typic infection. All the other Mabs used neutralize anddays. We tested Caco-2 monolayers at a variety of ages
postconfluence to attempt to determine whether the lim- protect, although by different mechanisms and with dif-
ferent efficiencies (Offit et al., 1986; Ruggeri andited IL-8 response was a function of Caco-2 differentia-
tion, but no increased responsiveness to rotavirus was Greenberg, 1991; Shaw et al., 1986). The outer capsid
proteins VP4 and VP7 are the targets of neutralizingnoted even in subconfluent cells (data not shown). That
the HT-29 and T84 IL-8 responses are likely to be physio- Mabs. VP4 can be cleaved into two fragments, VP8* and
VP5*, a process associated with viral infectivity. Antibod-logical is indicated by the fact that freshly isolated human
intestinal epithelial cells in culture have been shown to ies to all three proteins neutralize virus, but only anti-
VP8* antibodies prevent cell attachment. The data in Fig.secrete substantial amounts of IL-8 (Eckmann et al.,
1993a). 5 show that RRV-stimulated IL-8 secretion is unaffected
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ciated with dsRNA-dependent responses. This finding is
particularly interesting in light of reports identifying TNFa
as a common responder to bacterial stimulation of intes-
tinal cell lines (Jung et al., 1995). Enteric viruses may elicit
a distinct epithelial cytokine profile, perhaps a subset of
the bacteria-induced profile, a finding that may be related
to the less prolific and more mononuclear inflammatory
response usually associated with viral infections in these
tissues.
Rotavirus in culture has once previously been reported
to stimulate type 1 (a/b) interferon (McKimm-Breschkin
FIG. 5. Effect of neutralizing monoclonal antibodies on IL-8 secretion. and Holmes, 1982). In this report, germicidal UV light
Monoclonal antibodies directed at VP6 (Mab 255/60, nonneutralizing); was used to inactivate SA11, a process that actually en-
VP8* (Mabs 1A9, 7A12; neutralizing, prevent attachment); VP5* (M2B10, hanced the interferon response of simian kidney MA104
neutralizing, does not prevent attachment); and VP7 (Mab 159, neutraliz-
cells in comparison to the response induced by untreateding, does not prevent attachment) were reacted with RRV for 30 min
bovine SA11. The authors concluded that the genomicat 377 and then applied to HT-29 cell monolayers. After incubation for
16 hr, supernatants were harvested and the [IL-8] was determined by dsRNA was probably responsible for interferon induction.
ELISA as described. The percentage inhibition vs the RRV control is We confirmed by ELISA that RRV elicits an IFNa re-
indicated above each column. N  3–6 for each Mab. Groups were sponse from MA104 cells (data not shown), but we did
compared by ANOVA with the Bonferroni–Dunn post-hoc comparison
not detect IFNa or IFNg from any of the intestinal cell(significance level of 5%; DF 6, F  24.8, P  0.0001). Error bars
lines. This is similar to findings derived from these cellrepresent 1 SD. All Mab-treated viruses except RRV / 255/60 were
significantly different than RRV alone (P  0.0001). All RRV / Mab lines using other stimuli that were previously reported.
combinations were also significantly different from RRV / 255/60 (1A9, (Jung et al., 1995; Schuerer-Maly et al., 1994). However,
P  0.0003; all others P  0.0001). Differences among other Mabs the lack of an IL-8 response to complete ‘‘empty’’ particles
were nonsignificant by the specified criteria, although M2B10 and 159
indicates that this cellular response may also be depen-were significantly different than 1A9 at the 8% significance level or at
dent on the delivery of genomic dsRNA through the cellthe 5% level using the Fisher PLSD post-hoc test.
membrane. Alternatively, it is possible that the lack of IL-
8 response attributable to ‘‘empty’’ particles is a result of
the failure of these particles to penetrate the cell mem-by the VP6-specific Mab, but is either significantly re-
duced or eliminated by neutralizing antibodies directed brane in the same manner and efficiency as complete
particles and is not directly related to the dsRNA content.at either of the two trypsin cleavage fragments of VP4 or
at VP7. The prevention of attachment is known to be a Future studies that determine the cellular uptake of
‘‘empty’’ particles or recombinant virus-like particlesless efficient neutralization mechanism than the less-
well-defined mechanisms of anti-VP5* or anti-VP7 Mabs, could help to resolve this issue. We conclude based on
current evidence that, unlike kidney cells, intestinal cellsand anti-VP8* Mabs were also less effective in blocking
IL-8 stimulation. Therefore, in choosing antibodies di- do not respond to rotavirus by the production of IFN,
but of IL-8 (and probably others not yet identified). Therected at these four antigenic targets, we determined that
cellular attachment alone was not adequate to stimulate mechanism by which rotavirus stimulates both of these
responses, however, may be similar in that it appearssecretion of IL-8.
Neutralizing monoclonal antibodies may alter viral rep- contingent upon delivery of the virus, complete with ge-
nome, through the cell membrane but is independent oflication by several mechanisms, including virus interac-
tions with cellular components. We sought to isolate the viral replication. Activation of proto-oncogene cell-signal-
ing mechanisms by penetration of cell membranes byeffects of viral replication by studying the IL-8 response
of HT-29 cells to structurally intact but replication-inacti- inactivated cytomegalovirus (and other viruses) has been
described and may represent an analogous situation,vated RRV particles produced with psoralen-UV irradia-
tion. Surprisingly, elimination of viral replication did not although we have not measured proto-oncogenes nor
have the other viruses been noted to induce IL-8 (Bol-alter the magnitude nor kinetics of the HT-29 response
(Fig. 4). Therefore, the reduction in IL-8 stimulation asso- dogh et al., 1990). Of course during natural infection ro-
taviruses may interact with many cell types, especiallyciated with neutralizing Mabs results from an alteration
in the virus–cell interaction that is distinct from viral repli- phagocytic or antigen-presenting cells, and thereby stim-
ulate IFN from a variety of cells other than enterocytes.cation.
While we did not exclude the rotavirus-induced secre- It is possible that products from these cells may then
induce subsequent responses from intestinal epithelium,tion of all other cytokines, rotavirus did not induce IL-1a,
IL-1b, TNFa, IL-6, IFNa, or IFNg, which are often present which is known to respond to IFN.
Many viruses (although none associated with gastro-in inflammatory conditions. IL-1a and TNFa are them-
selves capable of inducing IL-8 in epithelial cells and enteritis) have been shown to activate specific cellular
enzymes such as a dsRNA-dependent kinase (PKR),therefore had to be excluded, while IFNs are often asso-
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which is involved in the antiviral actions of interferon mouse model is limited by the absence of an identified
mouse IL-8 (Watanabe et al., 1993), although antibodies[briefly reviewed in Katze (1995)]. These data indicate
that the initial stimulus may not be an external membrane to human IL-8 inhibit lung inflammation in rats (Mulligan
et al., 1993) and alterations in neutrophil and B cellreceptor. Both DNA and RNA viruses also bind to cyto-
plasmic DNA-binding factors (DRAFs) that can positively expansion in mice lacking a gene homologous to the
human IL-8 receptor have been reported (Cacalano etregulate interferon-stimulated gene elements (Daly and
Reich, 1995). It seems likely that Group A rotaviruses also al., 1994).
Virus-induced IL-8 release from other epithelial tissuesstimulate kinase activity based on dsRNA interactions,
although the specific mechanism remains to be deter- and cells has recently become a subject of considerable
interest. Respiratory syncytial virus and influenza A elicitmined. In intestinal epithelial cells the result includes IL-
8 secretion, probably under control of the nuclear regula- IL-8 from cultured cell lines, monocytes, and nasal epi-
thelia (Arnold et al., 1994a,b; Becker et al., 1993, 1994;tory factor NF-kB, which is strongly implicated as one of
the regulatory factors of IL-8 gene transcription and has Choi and Jacoby, 1992). Aveolar macrophages produced
similar amounts of IL-8 whether they were exposed tobeen shown to be activated by dsRNA through the phos-
phorylation of IkB (Kumar et al., 1994). live or heat-inactivated virus (Becker et al., 1991). Other
viruses also stimulate the production and release of IL-The potential importance of dsRNA-activated and NF-
kB-mediated signaling activity in the intestinal response 8 in cell lines and primary cultures. The specific impact
of this cytokine to the outcome of each viral infection willto rotavirus infection has only begun to be explored. For
instance, rotavirus infection of HT-29 cells was recently likely be diverse and is probably related to factors such
as the tissue and cell types involved.shown to induce a hyperphosphorylation of keratin and
filament reorganization (Liao et al., 1995). Intermediate
filament protein regulation has also been linked to NF- ACKNOWLEDGMENTS
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